Numerical investigations of diffusion and convection in multicomponent hydrocarbon mixtures in two-dimensional ͑2D͒ crosssectional (x,z) porous media are performed using the finitevolume method. Spatial discretization is performed by a secondorder centered scheme. It is shown that methane, unlike in binary hydrocarbons where it often segregates towards the bottom-hot side of the porous media, may be at higher concentration at the cold-top side in ternary mixtures and in multicomponent reservoir fluids. This behavior, which is consistent with oilfield data, is due to competing diffusion mechanisms which have not been properly accounted for in the past. It is also demonstrated that convection may significantly affect the compositional variation in some hydrocarbon reservoirs. Depending on fluid mixtures, a weak convection may drastically change compositional variation.
Introduction
Field observations show a wide range of compositional variation; there is generally vertical compositional variation of the components in some reservoirs. 1 In other reservoirs, a pronounced horizontal compositional variation is seen.
2 In yet others, there is very little compositional variation with depth. 3 One may even observe a decrease of heavy components such as C 7ϩ with depth. 4 It is believed that multicomponent diffusion and convection affect the distribution of various components in hydrocarbon reservoirs. 5, 6 In a multicomponent fluid, the total molar flux of a given component consists of two parts: ͑1͒ the convective flux from the velocity of the bulk fluid, and ͑2͒ the diffusive flux as a result of the difference between component velocity and bulk velocity. The molecular diffusive flux of a given component depends not only on its composition gradient ͑mutual diffusion͒, but also on the composition gradient of all the other components in the mixture ͑cross-molecular diffusion͒. The diffusive flux also depends on pressure and thermal gradients-the so-called thermal diffusion ͑Soret effect͒ and pressure diffusion ͑gravitational segregation͒, respectively. 7 All these effects can be modeled using thermodynamics of irreversible processes.
The compositional variation of a component in multicomponent mixtures ͑more than two components͒ in a porous medium may radically differ from that in binary mixtures. The cross effects ͑cross-molecular diffusion and thermal diffusion͒ are the main processes contributing to this behavior. The primary goal of this work is to model the compositional variation of multicomponent mixtures in porous media, taking various cross effects into account, and to show that all the trends in field data ͑from Refs. 1 through 4͒ can be predicted.
Methane in binary mixtures of C 1 /C 2 , C 1 /C 3 , and C 1 /nC 4 , where experimental data are available, segregates to the hot side of a differentially heated apparatus. [8] [9] [10] On the other hand, in hydrocarbon reservoirs, there is generally more methane on the cold side ͑top of the reservoir͒. 4, 5 These facts imply that one may not use effective thermal diffusion factors to study the segregation of methane in mixtures with more than two components in a nonisothermal medium. Cross-molecular diffusion has also been shown to be important in some ternary and higher mixtures. There is no reference in the literature to studies of the combined effect of thermal diffusion, molecular diffusion, and convection in ternary and higher mixtures. Larre et al. 11 investigated the stability of a horizontal layer heated from below filled with a waterisopropanol-ethanol mixture. The authors neglected the crossmolecular diffusion coefficients and assumed that the thermal diffusion factor of a component could be expressed as the sum of the thermal diffusion factors of the binaries consisting of the given component and the two others, respectively. The model results do not, however, agree with the experimental data. A similar conclusion is drawn by Krupiczka and Rotkegel 12 who investigated mass transfer in ternary mixtures of isopropanol-water-air and isopropanol-water-helium. Considerable discrepancies between experimental data and theoretical predictions were observed when cross-diffusion terms were neglected. 12 There is a vast body of literature on molecular diffusion coefficients in binary systems. 13 A sizable amount of binary data on hydrocarbons is also available. [14] [15] [16] However, molecular diffusion data for mixtures consisting of three or more components, especially for hydrocarbon mixtures at reservoir conditions, are scarce. Reviews of the available data in ternary mixtures with summaries of the measurement methods are presented by Cussler 13 and Tyrell and Harris. 17 Kooijman and Taylor 18 summarized the existing models for predicting the molecular diffusion coefficients in multicomponent mixtures and presented a correlation based on the Vignes correlation 19 for binary systems. Compared with experimental data for ternary systems, Kooijman and Taylor's correlation 18 provides better results than do the other available correlations. In this work, we adopt Kooijman and Taylor's correlation to calculate the molecular diffusion coefficients. Surprisingly, no experimental data for ternary and higher mixtures exist in the literature for thermal diffusion factors, a necessary requirement for the calculation of thermal diffusion in a multicomponent mixture. Firoozabadi et al. 20 have recently developed a theoretical model to estimate thermal diffusion factors for ternary and higher mixtures. The new model accurately predicts the thermal diffusion factors of binary mixtures. Furthermore, using the thermal diffusion factors obtained by this model, we are able to successfully simulate the compositional variation in a thermogravitational porous column containing a ternary mixture reported by El Maâtaoui. 21 The agreement between compositional data from experiments and the model provides indirect validation for multicomponent mixtures.
Several attempts have been made in the last 20 years to model compositional variation in hydrocarbon reservoirs. The earlier studies considered the gravitational effect on compositional variation in a one-dimensional ͑1D͒ convection-free system. [22] [23] [24] [25] The main conclusion from those studies is that the gravitational effect causes the heavier components to segregate towards the bottom of the reservoir. Thermal diffusion in a 1D convection-free system has been accounted for in both binary and multicomponent mixtures in some studies. 5, 26, 27 From those studies one can mainly observe that thermal diffusion may have the same order of magnitude and may have an opposite effect than pressure diffusion. The above studies neglect the effect of convection on compositional variation ͑although it may be very important͒ and have been performed in a 1D vertical system; they do not, therefore, allow for investigating areal compositional variation. Furthermore, no appropriate model for thermal diffusion has been considered in the studies which consider thermal diffusion in compositional variation. 5 For multicomponent systems, Belery and da Silva 5 investigated the compositional variation in the Ekofisk field using a one-dimensional model. They took into account molecular, pressure, and thermal diffusion and assumed a convection-free system. Their model is based on effective molecular diffusion coefficients and effective thermal diffusion factors. The results from the work of Belery and da Silva show some qualitative agreement with compositional variation in the field; methane is more concentrated at the top of the reservoir. The combined effect of convection and pressure diffusion was considered by Jacqmin 6 for a twocomponent mixture. Jacqmin's work shows the mixing effect of convection; the stronger convection is, the more homogeneous is the composition. However, neglecting thermal diffusion may mask an inverse role that convection may play on compositional variation in hydrocarbon reservoirs in some range of permeability, as it has been shown in recent studies. 28, 29 Compositional variation of methane in a C 1 /nC 4 single-phase binary mixture has been studied in the same range of thermophysical and geometrical conditions as in this study. 28, 29 In a typical hydrocarbon binary mixture, for low permeabilities, compositional variation is mainly affected by the ratio (
, p z , and T z are the pressure and thermal diffusion coefficients ͑see Riley and Firoozabadi 28 ͒ and the vertical pressure and thermal gradients, respectively. When this ratio is Ͼ1, the horizontal compositional variation is more pronounced than the vertical variation. The horizontal compositional gradient reaches a maximum value for kϷ1 md and then decays as 1/k. 28 A small amount of convection can cause the horizontal compositional gradient to increase. A similar phenomenon has been experimentally observed in vertical columns ͑separation by thermogravitational effect͒ where there exists an optimal value of k leading to the maximal separation. 21 Jamet et al. 30 had some success in modeling these phenomena. When (ϪD T T z )/(D p p z )Ͻ1, compositional variation is effected mostly by pressure diffusion; 29 the vertical compositional variation is more pronounced than the horizontal variation.
The main objective of this paper is to provide a sound basis for the study of compositional variation in hydrocarbon reservoirs; both multicomponent diffusion and convection are taken into account. The results for a ternary system are presented in detail to show the effect of cross-molecular diffusion and thermal diffusion on the compositional variation of methane, and to explain the discrepancies occurring between field observations and results in binary systems. We also present the modeling of compositional variation in the Cupiagua gas condensate field. 3 The paper is organized as follows; first, we briefly present the mathematical formulation of the problem. Then, an overview of the numerical method is presented. Results from several conditions of composition, temperature, and pressure are discussed together with a comparison with previous results obtained in the binary mixture C 1 /nC 4 .
Mathematical Formulation
We consider a two-dimensional porous medium with width b and height h ͑Fig. 1͒ saturated by a single-phase mixture of n components. We assume that the Oberbeck-Boussinesq approximation is valid for the ternary system. This assumption is relaxed for the near-critical reservoir fluid for the field example. In the OberbeckBoussinesq approximation, the density is assumed to be constant, except in the buoyancy term (gz), where it varies linearly with the temperature T and the mole fractions x i , iϭ1, . . . , n Ϫ1:
, and
are the thermal expansion coefficient and the compositional coefficients of component i, respectively; 0 is the density, x i0 the mole fraction of component i and T 0 is the temperature, all at the reference point. The validity of the Oberbeck-Boussinesq approximation has been demonstrated by Ghorayeb and Firoozabadi 31 for binary systems. All the ternary mixtures considered in our study are far enough from the critical point and the assumption of the linear variation of vs. T, x 1 , and x 2 is justified as we will see later.
The unsteady-state conservation equations of mass and species are
where c, v, and J i are the total molar density, the bulk velocity, and the molar diffusive flux relative to molar average velocity for component i (iϭ1, . . . , nϪ1), respectively. When applying the Oberbeck-Boussinesq approximation, Eqs. 2 and 3 read
͑5͒
The bulk velocity v is given by Darcy's law:
where p, g, k, , and are the pressure, the acceleration due to gravity, the permeability, the viscosity, and the porosity, respectively. The unit vector z points upwards. Substitution of Eq. 6 into Eq. 2 and the assumption that (k/) is constant lead to the following unsteady pressure equation:
which reads with the Oberbeck-Boussinesq approximation:
͑8͒
We assume that the reservoir is bounded by an impervious rock that has constant temperature gradients T x and T y in horizontal and vertical directions, respectively. In the following, the temperature field is assumed to be a linear function of x and z: T ϭT x xϩT z zϩa, where a is a constant. Field data support this form of the temperature expression. If we set the temperature at xϭx 0 and zϭz 0 equal to T 0 , then
where x 0 and z 0 are the coordinates of the reference point. The diffusive flux of component i is given by ͑see Appendix A͒:
where where n is the unit normal vector. Eqs. 11 and 12 imply that
From Eq. 6, we obtain the boundary conditions that are required for the integration of Eq. 7:
With the above Neumann boundary conditions, mole fractions and pressure must be assigned at one point in the medium. In this work, we set x i (x 0 ,z 0 )ϭx i0 , iϭ1, . . . , nϪ1, and p(x 0 ,z 0 ) ϭp 0 .
Numerical Scheme
Eqs. 3, 6, and 7, together with the boundary conditions given by Eqs. 13-16, are integrated numerically using the finite-volume method ͑see Patankar
32
͒ with a rectangular grid system. The spatial discretization is performed using a second-order centered scheme. A semi-implicit first-order scheme is used for the temporal integration. We seek the steady-state solution and iterate on the unsteady state until the steady state is reached. In this work, convergence to the steady state is assumed when the absolute relative error of mole fractions is less than 10 Ϫ7 between the two successive iterations at each grid point. 33 and Lorenz and Emery 34 for details about the thermogravitational effect͒. We simulated, using our numerical model, some of those experiments. The main difference between the experimental apparatus and the numerical simulations is the use of different model geometry. In the experiment, a cylindrical column was used ͑two concentric cylinders, the inner one heated and the outer one cooled͒ which we represent numerically as a rectangular column ͑with a width equal to the difference of the radii of the two cylinders͒. Since the difference of the radii is small compared with either radius, we may proceed as if the convection were taking place in a thin flat slab. 12 , which is an ideal liquid mixture for the given composition and atmospheric pressure, the experimental data reported by El Maâtaoui 21 show that no qualitative change occurs between the ternary and binary systems for the compositional variation of nC 24 ; nC 24 segregates towards the bottom of the column. The cross-diffusion coefficients are very small in comparison with the mutual diffusion coefficients and that D 1 T has, in this example, the same order of magnitude in both binary and ternary systems. Furthermore, no significant composition variation is observed for nC 16 which is mainly due to the fact that the thermal diffusion coefficient D 2 T is much smaller than D 1 T ; molecular diffusion prohibits any significant segregation of nC 16 . Table 2 shows the measured and predicted results; the maximal relative error between numerical and experimental values is less than 10%.
Model Validation

Results
Ternary Systems. In this study we focus on the nonideal ternary mixture of C 1 /C 2 /nC 4 . Two sets of calculations are performed; the composition at the center of the reservoir is fixed at ͑1͒ x 1 0 ϭ0.25, x 2 0 ϭ0.25, and x 3 0 ϭ0.50, and ͑2͒ x 1 0 ϭ0.35, x 2 0 ϭ0.35, and x 3 0 ϭ0.30. Several conditions of temperature and pressure are considered. The mixture in all investigations is single phase. Table 3 presents the relevant data used for this ternary mixture. To study the effect of grid meshes, numerical runs were performed with different mesh grids. We found that using finer grids than those in Table 3 do not significantly improve the accuracy of the results.
Figs. 3 and 4 show the pϪT plots for those mixtures, as well as temperatures and pressures at which the calculations are performed. For every mixture, at each composition, three combinations of (T,p) are selected. Those combinations are represented by points 1, 2, and 3 in Figs. 3 and 4 . Tables 4 and 5 present, in detail, the data used in this work. The molecular diffusion coefficients are obtained using Kooijman and Taylor's correlation ͑see Appendix B͒. Appendix B also shows the process by which one calculates the pressure diffusion coefficients from the molecular diffusion coefficients and the thermodynamic properties of the mixture. The thermal diffusion factors are from Firoozabadi et al. 20 Thermal diffusion coefficients and pressure diffusion coefficients show a similar trend. In this section we assume that molecular, pressure, and thermal diffusion coefficients are constant in the whole cross section. Their values are those at the reference point ͑the center of the reservoir͒. This assumption is justified by the fact that the mixture is far from the critical point; the variation of the diffusion coefficients is small within the range of the physical and thermophysical parameters for the ternary mixture. Fig. 5 presents the variation of the density vs. temperate T, mole fraction of C 1 , x 1 , and mole fraction of C 2 , x 2 , using the Peng-Robinson equation of state ͑PR EOS͒. 35 The range of T, x 1 , and x 2 considered in Fig. 5 covers the variation of these parameters in our study. Therefore, the density varies linearly with T, x 1 , and x 2 . Figs. 6 through 11 depict composition contour plots for C 1 and C 2 with permeabilities in the range from 0 ͑convection-free͒ to 100 md. We first discuss compositional variation for the convection-free cases before the effect of convection is considered.
From Figs. 6 through 11 it can be seen that, in most cases, component 2 ͑ethane͒ is more concentrated at the top of the reservoir. Therefore, the sign of the thermal diffusion coefficient in a nonideal mixture ͑see Tables 3 and 4͒ with more than two components does not imply the segregation to the hot or cold side of the system. From Figs. 6 through 11, one can also observe that in all the cases there is more compositional variation of methane than ethane. That is in agreement with the results by El Maâtaoui 21 for the ternary mixture nC 24 /nC 16 /nC 12 , where the observed segregation of the component with intermediate molecular weight nC 16 is negligible compared to that of the light component nC 12 and the heavy component nC 24 .
Let us discuss the compositional variation of methane ͑compo-nent 1͒. Figs. 6 and 7 show that at low temperature ͑point denoted by ''1'' in Figs. 3 and 4͒, there is more methane at the bottom of the reservoir. The trend is similar to the compositional variation of methane observed in the binary mixture of C 1 /nC 4 . 28, 30 In most cases we studied, there is no significant vertical compositional variation of C 1 Figs. 8 and 9 . For some combinations of (T,p) ͑in the neighborhood of point ''2''͒, the mole fraction contour lines become almost vertical, and there is no vertical compositional variation of methane in the reservoir ͑see Fig. 9͒ . As temperature increases further ͑point ''3''͒, the slope of the mole fraction contour lines becomes negative ͑Figs. 10 and 11͒. Methane in this case is more concentrated at the top of the reservoir.
Points ''1,'' ''2,'' and ''3'' differ also in terms of the effect of permeability on compositional variation. When we take point ''1'' as the reference, one observes the same trend reported by Riley and Firoozabadi 28 for the binary mixture C 1 /nC 4 . At low permeabilities (kϽ1 md), methane goes towards the hot side ͑the right-bottom corner of the reservoir͒. When the permeability increases, due to convection, there is only horizontal compositional variation. The horizontal gradient of the mole fraction of methane is almost constant. It reaches a maximum value for kϭ1 md, then decreases with the increase of permeability such that, at k ϭ100 md, no significant compositional variation is observed ͑see Figs. 6 and 7͒. At point ''2'' as the reference, for k greater than 1 md, the whole reservoir has a homogeneous composition as shown in Figs. 8 and 9 . For point ''3,'' the composition in the reservoir changes strongly when permeability increases from k ϭ0 to kϭ1 md. Fig. 12 shows the mole fraction contour lines of methane and ethane in this range of permeability. At kϭ0 ͑that is, convection-free͒, methane is more concentrated in the top-left corner of the reservoir. The slope of the mole fraction contour lines is negative. At some permeability between 0.05 and 0.1 md, those contour lines become horizontal and then, their slope becomes positive. No significant effect of permeability is observed for k Ͼ1 md as shown in Figs. 10 and 11 . The behavior of the ternary mixture discussed above encompasses the features of compositional variation in Refs. 1 through 4.
Field Example. Recently, Lee and Chaverra 3 reported data from a near-critical gas condensate reservoir with some unexpected behavior; there is very little variation of composition and dewpoint pressure in a gas column extending over 5,000 feet. The authors provide the vertical temperature variation. However, the horizontal temperature variation is not reported. Therefore, we assume an arbitrary horizontal temperature gradient which is in the same range of data observed in several fields from different places. A single composition shown in Table 7 is used in this example. The composition differs slightly from that reported in Ref. 3 . This composition was provided by the first author of Ref. 3 . Tables 6 and 7 list the data used in this field example and the composition and molecular weights at the sample point ͑corre-sponding to x 0 ϭ5000 m and z 0 ϭ20 m͒, respectively. Note that the sample contains a small amount of N 2 ; it is added to C 1 in our calculations. The pressure at (x 0 ,z 0 ) is set to pϭ466.5 bar. The dewpoint pressure at the sample point is p dew ϭ380.5 bar. The near criticality of the fluid exhibits, as we will show in this section, a nonlinear variation of density vs. temperature and composition. Therefore, we do not adopt the Boussinesq approximation; instead, the density is calculated at every point using the PR EOS and we assume all the diffusion coefficients as functions of temperature, pressure, and composition. We first present results obtained taking into account both cross-molecular diffusion and thermal diffusion. We then investigate the effect of increased thermal diffusion. We also set the thermal diffusion flux to zero to demonstrate that thermal diffusion can be an important mechanism in compositional variation studies. Figs. 13 and 14 show the mole fraction contour lines of CO 2 , C 1 , C 2 , C 3 ϪC 4 , C 5 ϪC 6 , and C 7ϩ and the fluid density for convection-free and kϭ10 md, respectively. One observes that C 1 segregates toward the top of the reservoir whereas C 7ϩ segregates towards the bottom. One also observes that the maximum segregation occurs for C 1 , and C 7ϩ . No significant compositional variation is observed for the components and pseudocomponents in between: C 2 , C 3 ϪC 4 , and C 5 ϪC 6 . Figs. 13 and 14 also reveal that there is no significant compositional variation for CO 2 .
When the permeability changes from convection-free to k ϭ10 md, one observes by comparing Figs. 13 and 14 that there is less compositional variation for all the components at kϭ10 than for kϭ0 md. Furthermore, methane, which was more concentrated in the right-top corner of the reservoir for the convectionfree case is more concentrated in the left-top corner for k ϭ10 md. The compositional variation changes between convection-free and kϭ10 md are similar to that for the ternary mixture C 1 /C 2 /nC 4 depicted in Figs. 10 and 11 .
From Figs. 13 and 14 one concludes that there is more variation of composition and density in the bottom than in the top of the reservoir. This is due to the fact that the bottom of the reservoir is closer in this field example to the critical point which causes the diffusion coefficients ͑and especially the cross-molecular diffusion coefficients͒ to change sharply in that region resulting in a significant nonlinear variation of composition and density. By comparing the density contour plots depicted in Figs. 13 and 14 , one concludes that convection results in a significant decrease of vertical density variation and causes density to become almost ͑but not exactly͒ constant in the horizontal direction. Fig. 15 shows the variation of C 1 , C 7ϩ , pressure, and saturation pressure vs. height at three different cross sections of the reservoir: at xϭ5000 m (b/2), xϭ2500 m ͑the cold side͒, and x ϭ7500 m ͑the hot side͒ for convection-free and for kϭ10 md. Fig. 15 reveals that, due to convection, there is no significant horizontal variation of composition over the whole reservoir ͑see Figs. 15b and 15d͒ . The horizontal variation of the dewpoint pressure is also small. However, because the left side of the reservoir is the colder region and methane is less concentrated in that side for convection-free conditions, it exhibits a bubblepoint in the left-bottom corner as depicted in Fig. 15e . Because the composition varies very little in the areal direction at kϭ10 md, the dewpoint pressure does not significantly vary in that direction either, as shown in Fig. 15f . The results presented so far give a more pronounced variation of the dewpoint pressure and composition than that of the field data. Figs. 16 and 17 depict the mole fraction contour lines of CO 2 , C 1 , C 2 , C 3 ϪC 4 , C 5 ϪC 6 , C 7ϩ , and density for convection-free and kϭ10 md, respectively, when the effect of thermal diffusion is increased. This increase is achieved by decreasing i of the heavy pseudocomponents (C 7 -C 10 and above͒ in Eq. C-8. For the components and pseudocomponents from C 1 to C 5 -C 6 , i ϭ4 as is the case in all the examples presented above. For the pseudocomponents C 7 -C 10 , C 11 -C 14 , C 15 -C 20 , C 21 -C 29 , and C 30ϩ , i is set equal to 3.0, 2,9, 2.8, 2.7, and 2.6, respectively. Figs. 16 and 17 show a significant decrease of compositional variation consistent with fluid data. Fig. 18 portrays variations of composition, pressure, and dewpoint pressure. There is a small variation of dewpoint pressure in the entire reservoir ͑see Figs. 18e and 18f͒. The increase of the thermal diffusion provides the condition that it has almost the same magnitude as pressure diffusion but affecting compositional variation in an opposite direction. Thermal diffusion pushes the lighter components to the hot bottom of the reservoir. Fig. 19 shows the vertical variation of the mole fraction of C 1 and C 7ϩ , and pressure and dewpoint pressure at xϭ5000 m with and without thermal diffusion ͑left͒ and with and without increased thermal diffusion ͑right͒ for the convection-free case. One observes that thermal diffusion reduces composition variation significantly.
Remarks and Conclusions
The use of general expressions for molecular, pressure, and thermal diffusion in multicomponent nonideal hydrocarbon mixtures combined with natural convection allow the calculation of species distribution in hydrocarbon reservoirs. Since steady-state convection is governed by the horizontal temperature gradient, the measurement of horizontal temperature variation is a key factor. Without horizontal temperature variation, there is no convection at steady state. Specific conclusions from this study are drawn below.
1. There are various features of compositional variation in hydrocarbon reservoirs depending on composition. Those features, such as uniform composition across a long column, can be either due to thermal diffusion or convection ͑that is, the permeability effect͒. 
Convection and thermal diffusion can have a substantial ef
